Introduction {#s1}
============

The intestine is the organ responsible for nutrient digestion and absorption ([@bib66]), microorganism defense and immune response ([@bib39]; [@bib57]), and hormone secretion ([@bib35]; [@bib44]). Due to the technology advance of large-scale single-cell transcriptome profiling, more precise and comprehensive descriptions of cell types have been obtained from a multitude of organs ([@bib22]; [@bib51]). With single-cell RNA sequencing (RNA-seq) of mouse intestinal organoids, new markers and novel subtypes of enteroendocrine cells were identified ([@bib19]). Single-cell transcriptome survey of epithelial cells from different regions of murine small intestine revealed differential expression of genes in enterocytes, Paneth cells (PCs), and stem cells in the proximal versus distal regions, and new subsets of enteroendocrine cells and tuft cells were also identified ([@bib20]). Single-cell RNA-seq combined with laser capture microdissection of villi uncovered the functionally zonation distribution of enterocytes along the villus axis ([@bib34]). Transcriptomes of the human fetal digestive tract and adult large intestine were also surveyed at single-cell resolution, revealing features of transcriptome dynamics during development ([@bib14]). Furthermore, single-cell PCR for selected genes in monoclonal tumor xenograft models revealed that the transcriptional heterogeneity of colon cancer cells is associated with multilineage differentiation ([@bib10]).

Despite the extensive transcriptomic analyses of the mouse small intestine, a systematic survey of the gene expression profiles of human intestinal epithelial cells at the single-cell level has not been reported. Detailed landscapes of cell heterogeneity and the related functional annotations of different human intestinal segments are still unknown. In this study, we profile the transcriptomes of 14,537 intestinal epithelial cells from the human ileum, colon and rectum. Our analyses uncover the different nutrient absorption preferences in small and large intestine, suggest the existence of Paneth-like cells (PLCs) in the large intestine, and identify potential new marker genes of specific cell types. Furthermore, our data also reveal the transcriptomic variations of each cell type among the three human intestinal segments as well as variations of the same cell type between human and mouse ilea. The transcriptome data and the related bioinformatic analyses could serve as an unprecedented resource for better understanding the dynamic cell landscape and the lineage-specific functional heterogeneity of the human intestine.

Results {#s2}
=======

To obtain comprehensive cell landscapes of the human small and large intestines, we profiled single-cell transcriptomes of epithelial cells of the human ileum, colon, and rectum from six donors, with two for each intestinal segment as biological replicates ([Fig. S1 A](#figS1){ref-type="fig"}), on a 10X Genomics system. After quality filtering (see Materials and methods), the transcriptome profiles of 14,537 cells were collected (6,167 cells from two human ilea samples, 4,472 cells from two colon samples, and 3,898 cells from two rectum samples). Statistics of the cells and the detected genes were shown in [Fig. S1, B--D](#figS1){ref-type="fig"}. For each intestinal segment (ileum, colon, or rectum), cells from the two donors nicely overlapped ([Fig. S1, E and F](#figS1){ref-type="fig"}), indicating high fidelity of the data and reproducibility of the cellular landscapes obtained from the two individuals.

![**General information of clinical samples and annotations of cell types of single-cell RNA-seq data. (A)** Clinical information of intestine tissue donors. Normal epithelial tissues were obtained from the patients diagnosed with gastrointestinal cancer. Ileum-2 and colon-2 were from the same patient. **(B)** Statistics of the six single-cell RNA-seq datasets after quality filters. **(C and D)** Numbers of detected gene (C) and total UMI counts (D) were color coded for each single cell from the three segments. **(E)** Cell types annotated for all 14,537 single cells from the ileum, colon, and rectum. **(F)** Cells from the two replicates of each segment were marked on the t-SNE plots. EC, enterocytes; EEC, enteroendocrine cells; G, goblet cells; PRO, progenitor cells; SC, stem cells; TU, tuft cells.](JEM_20191130_FigS1){#figS1}

Single-cell characterization of human intestinal epithelium {#s3}
-----------------------------------------------------------

To compare cell types in the human ileum, colon, and rectum, the 14,537 cells were pooled together, and their transcriptome profiles were subjected to unsupervised graph-based clustering ([@bib5]). Based on previously reported cell markers ([Fig. S2 A](#figS2){ref-type="fig"} and [Table S1](#sup1){ref-type="supplementary-material"}) and other intestinal single-cell sequencing results ([@bib19]; [@bib20]), seven known cell types were identified ([Fig. 1, A and B](#fig1){ref-type="fig"}): enterocyte cells (ALPI, SLC26A3, TMEM37, and FABP2), goblet cells (ZG16, CLCA1, FFAR4, TFF3, and SPINK4), PCs (LYZ \[Lyz1 and Lyz2 in mouse\], CA7, SPIB, CA4, and FKBP1A), enteroendocrine cells (CHGA, CHGB, CPE, NEUROD1, and PYY), progenitor cells (SOX9, CDK6, MUC4, FABP5, PLA2G2A, and LCN2), transient-amplifying (TA) cells (KI67, PCNA, TOP2A, CCNA2, and MCM5), and stem cells (LGR5, RGMB, SMOC2, and ASCL2). Using the same cell markers ([Fig. S2 B](#figS2){ref-type="fig"}), these cell types were also identified in the ileum, colon, and rectum segments when analyzed separately ([Fig. 1, C--H](#fig1){ref-type="fig"}; and [Table S2](#sup2){ref-type="supplementary-material"}). Tuft cell markers (POU2F3, GFI1B, and TRPM5) were rarely detected in few cells ([Fig. S2 C](#figS2){ref-type="fig"}), while the marker DCLK1 was not detected.

![**Cell landscapes of human intestines based on single-cell transcriptome profiles. (A, C, E, and G)** t-SNE plots of single-cell clusters. The Seurat algorithm was used to visualize the clustering of all 14,537 intestine epithelial cells from six donors (A), 6,167 ileum cells from two donors (C), 4,472 colon cells from two donors (E), and 3,898 rectum cells from two donors (G). **(B, D, F, and H)** Expression heatmaps of cell type--specific genes were obtained by analyzing all cells pooled together (B) or based on cells from one of the three intestine segments: ileum (D), colon (F), and rectum (H). EC, enterocytes; EEC, enteroendocrine cells; G, goblet cells; PRO, progenitor cells; SC, stem cells.](JEM_20191130_Fig1){#fig1}

![**Expression patterns of cell markers. (A and B)** The mean expression levels of markers of different cell types in all 14,537 cells (A) and 6,167 ileum cells, 4,472 colon cells, and 3,898 rectum cells (B). **(C)** Mean expression levels of the tuft marker genes Pou2F3, GFI1B, and TRPM5 in all 14,537 cells. **(D)** Percentage of each cell type, annotated by graph clustering shown in [Fig. 1 A](#fig1){ref-type="fig"}, in ileum, colon, and rectum cells.](JEM_20191130_FigS2){#figS2}

Classification of the cells revealed distinct cell compositions in the small and large intestine epithelia. Enterocytes were highly enriched in the human ileum, taking up ∼70% of the total cells, while only 14% cells from the colon and rectum were annotated as enterocytes. Notably, in the colon and rectum, 20% of the total cells were goblet cells, which dropped to only 5% in the ileum ([Fig. S2 D](#figS2){ref-type="fig"}).

Stem cells and TA cells are highly proliferative cells and responsible for fast renewal of intestinal epithelium. Indeed, the genes related to Wnt signaling or the cell cycle were highly expressed in stem cells and TA cells ([Fig. S3, A and B](#figS3){ref-type="fig"}; and [Table S3](#sup3){ref-type="supplementary-material"}). Notably, stem cells and TA cells are enriched with LGR5 and KI67, respectively. Interestingly, stem cell signature genes of the three segments showed largely different function enrichments ([Fig. S3 A](#figS3){ref-type="fig"}). For example, FABP2 and FABP6, involved in fatty acid metabolic process, were enriched in ileal stem cells, but not in large intestine stem cells, which is consistent with the intestinal functions. By contrast, the signature genes of TA cells in the three segments were highly consistent. In accordance with their proliferation potency, TA cells were mainly in S and G2/M phase ([Fig. S3 C](#figS3){ref-type="fig"}), like the ones in the mouse intestine ([@bib20]), while differentiated cells were mainly in G1 phase.

![**Characterization of stem cells, TA cells, and progenitor cells and transcription factor analysis. (A)** Signature genes of stem cells and the gene functional enrichments. **(B)** Signature genes of TA cells and the gene functional enrichments. **(C)** Cell cycle analysis. The calculated cell cycle phase of each cell was shown for all 14,537 cells, 6,167 ileum cells, 4,472 colon cells, or 3,898 rectum cells. **(D)** Signature genes of progenitor cells and the gene functional enrichments. **(E)** Differentiation- and proliferation-related factors in the progenitor cells in human ileum, colon, and rectum. **(F)** Differential expression analysis of transcription factors in human epithelial cells. EC, enterocytes; EEC, enteroendocrine cells; G, goblet cells; PRO, progenitor cells; SC, stem cells.](JEM_20191130_FigS3){#figS3}

Progenitor cells expressed both stem- and proliferation-related genes (e.g., SOX4, SOX9, CDK6, SOCS2, and RGMB) as well as differentiation-related factors (e.g., ATOH1, DLL1, FOXA2, and FOXA3 for secretory progenitors and HES1 and CDX2 for enterocyte progenitors; [Fig. S3, D and E](#figS3){ref-type="fig"}; and [Table S4](#sup4){ref-type="supplementary-material"}; [@bib7]), suggesting that they start to gain physiological functions. Furthermore, as shown by the specific genes ([Fig. S3 D](#figS3){ref-type="fig"}), progenitor cells exhibited functional difference in different segments. The ones from the ileum were marked by genes related to lipid and protein metabolism, and the ones from the colon and rectum were marked by genes involved in the immune response. Although stem, TA, and progenitor cells were highly proliferative, stem and progenitor cells were mainly in G1 and S phases, while TA cells were mainly in S and G2/M phases ([Fig. S3 C](#figS3){ref-type="fig"}; also see [Fig. 6 D](#fig6){ref-type="fig"}).

We have also observed specific expression of transcription factors in different types of cells (CREB3L3, MAF, and NR1H4 in enterocytes; ATOH1, SPEDF, and FOXA3 in goblet cells; SPIB, HES4, and PROX1 in PCs and PLCs; FEV, INSM1, and NEUROD1 in enteroendocrine cells; YBX1 and PHB in both TA and stem cells; HMGB2, FOXM1, and MYBL2 in TA cells; and ASCL2 and ETS2 in stem cells; [Fig. S3 F](#figS3){ref-type="fig"}). These cell type--dependent transcription factors may play important roles in the differentiation or maintenance of the different cell types. Indeed, INSM1 has been shown to be essential for enteroendocrine cell differentiation ([@bib17]), and ASCL2 is required for the maintenance of intestinal stem cell identity ([@bib47]).

Distinct expression patterns of genes related to nutrient absorption in the small and large intestine {#s4}
-----------------------------------------------------------------------------------------------------

The intestinal tract is the organ for food digestion, nutrient absorption, and processing, such as sugar, lipid, vitamins, and inorganic and organic solutes. Deficiency in nutrient absorption has been associated with multiple diseases ([@bib30]). Extensive bowel resection causes defects of nutrient absorption, leading to short bowel syndrome and even death of these patients ([@bib52]). However, the differential activity of nutrient absorption in different segments of the human intestine is not very clear. Enterocytes are the major cells responsible for nutrient absorption. To better understand the nutrient-absorption processes in the intestine, we looked into the expression profiles of metabolism-related genes in enterocytes from the ileum, colon, and rectum. In general, functional enrichment analyses showed that the genes involved in protein digestion and absorption and mineral and organic substance transport were enriched in all three segments. The genes participating in lipid metabolism and drug metabolic process were highly expressed in the ileum, and by contrast, the genes related to small molecule transport were enriched in the large intestine ([Fig. 2 A](#fig2){ref-type="fig"} and [Table S5](#sup5){ref-type="supplementary-material"}).

![**Differential nutrient absorption preferences in the human small and large intestine. (A)** Expression heatmap of signature genes in enterocytes and gene functional enrichments. **(B)** Violin plots showing distributions of mean expression of transporter genes in different segments (il, ileum; co, colon; re, rectum). **(C)** Expression patterns of specific genes involved in nutrient absorption and transport in different intestine segments. Each dot represents a gene, of which the color saturation indicates the average expression level (scaled by Z-score) in an intestine segment, and the size indicates the percentage of cells expressing the gene. **(D)** Relative mRNA expression of the gene marked in red in C was confirmed by qPCR in the organoids derived from human ileum, colon, and rectum. **(E)** Nutrient uptake was measured by LC-MS in the organoids derived from human ileum, colon, and rectum. Data are represented as mean ± SD of at least three independent experiments. All statistically significant differences were calculated using an ordinary two-way ANOVA followed by Tukey's multiple comparisons test; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001.](JEM_20191130_Fig2){#fig2}

As major nutrient transporters, SLC family genes play critical roles in the transport of a wide range of nutrients and metabolites such as glucose, amino acids, vitamins, inorganic solutes, and ions, and their dysfunction has been associated with numerous diseases ([@bib30]; [@bib64]). We focused on the expression patterns of these transporters in the three intestine segments. In general, the transporter genes involved in lipid, bile salt, vitamin, and water absorption were enriched in the ileum, and the genes related to metal ion and nucleotide absorption were highly expressed in the large intestine ([Fig. 2 B](#fig2){ref-type="fig"}). There were no significantly differences in the expression levels of transporters for amino acid, sugar, and inorganic and organic solutes among these segments.

In addition, although the ketone body metabolism gene ACAT1 was found in the large intestine, most lipid assimilation genes were highly expressed in the small intestine, such as APOA1 and APOM for lecithin, sterol, and stearic acid ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib63]). The specific expression of APOA4, APOB, and FABP6 in the ileum was confirmed at the protein level ([Fig. S4, A--D](#figS4){ref-type="fig"}). Bile acids, which emulsify fat and fat-soluble nutrients and are essential for their absorption, are secreted into the duodenum through the bile duct ([@bib12]). The genes involved in bile salt reabsorption were mainly found in the ileum, but not large intestine ([Fig. 2 C](#fig2){ref-type="fig"}). Similarly, the genes related to vitamin absorption were enriched in the ileum, such as RBP2, TCN2, CYP4F2, and SLC23A1 for the absorption of vitamin A, B~12~, K, and C ([@bib11]; [@bib18]; [@bib42]). Notably, the large intestine could also transport vitamin B~12~ and A, as suggested by the expression of CD320, DHRS9, and RBP4 ([@bib2]; [@bib26]; [@bib65]). The expression of aquaporin (AQP) 1, 3, 7, and 11 was mainly found in the ileum and AQP8 in the large intestine ([Fig. 2 C](#fig2){ref-type="fig"}), supporting the note that most water is absorbed in the small intestine and further dehydration occurs in the large intestine ([@bib58]).

![**Expression patterns of transporter genes and validation by immunofluorescence or immunohistochemistry. (A)** Expression patterns of eight selected transporter genes in different intestine segments. Each dot represents a gene, of which the color saturation indicates the average expression level (scaled by Z-score) in an intestine segment and the size indicates the percentage of cells expressing the gene. **(B, C, and E--G)** Immunofluorescence was performed to confirm the expression of APOB (B) and FABP6 (D) in the ileum and SLC38A1 (E), SLC26A2 (F), and SLC44A1 (G) in the colon and rectum. **(C, H, and I)** Immunohistochemistry was performed to confirm the expression of APOA4 in the ileum (C) and SCNN1B (H) and SLC35A1 (I) in the colon and rectum. Scale bars, 100 μm.](JEM_20191130_FigS4){#figS4}

Although there was no significant difference in the mean expression of amino acid, sugar, and inorganic and organic solute transporters among the three segments ([Fig. 2 B](#fig2){ref-type="fig"}), some specific transporter genes still displayed distinct expression patterns in the small and large intestine ([Fig. 2 C](#fig2){ref-type="fig"}). Consistent with the note that both the small and large intestine are involved in the absorption of essential amino acids, amino acid transporter genes (such as SLC3A2, SLC25A39, and SLC25A13) were found in the ileum, colon, and rectum ([@bib28]; [@bib37]; [@bib38]). However, SLC7A7 and SLC7A9, the two genes involved in the transport of neutral or cationic amino acids such as leucine or arginine, were only found in the ileum ([@bib50]; [@bib55]). SLC38A1, an important cotransporter of glutamine, was confirmed in large intestine ([Fig. S4 E](#figS4){ref-type="fig"}). For inorganic solutes, SLC4A7 and SLC34A3 for carbonic acid and phosphoric acid transport, respectively, were mainly expressed in the small intestine, while the gene SLC26A2 for sulfuric acid transport was enriched in the large intestine ([@bib24]), which was also confirmed at the protein level ([Fig. S4 F](#figS3){ref-type="fig"}). For organic solutes, the Na-dependent dicarboxylate transporter SLC13A2 was enriched in the small intestine, while the choline transporters SLC44A1 and SLC44A3 were found to be enriched in large intestine ([Figs. 2 C](#fig2){ref-type="fig"} and S4 G; [@bib56]).

Both the small and large intestine are involved in sugar absorption, but the small intestine may specially transport monosaccharides such as glucose, fructose, galactose, and xylose based on the enriched expression of SLC5A1, SLC2A5, SLC5A9, and SLC5A11 ([@bib9]; [@bib53]; [@bib60]), while the large intestine may specially transport aldoses, including pentoses and hexoses, as suggested by the expression of SLC50A1 ([@bib61]; [Fig. 2 C](#fig2){ref-type="fig"}). The expression of Na, K, and Ca channels (KCNS3, ATP2A3, SCNN1A, and SCNN1B) was consistent with the idea that the large intestine is important for metal ion absorption ([@bib16]; [@bib25]; [@bib29]). SCNN1B expression in the large intestine was also confirmed at the protein level ([Fig. S4 H](#figS4){ref-type="fig"}). The Cu transporter SLC31A2 was enriched in the ileum, while the transporters for bivalent metal ions like Zn and Mn (SLC39A5, SLC39A8, and SLC39A7) were expressed in both the small and large intestine ([@bib3]; [@bib6]; [@bib13]). Most importantly, our data also suggested that the large intestine is the major site for nucleotide or nucleotide sugar absorption ([Fig. 2 C](#fig2){ref-type="fig"}), and SLC35A1 expression in the large intestine was confirmed at the protein level ([Fig. S4 I](#figS4){ref-type="fig"}; [@bib48]).

Finally, to confirm the functional differences among the three segments, we generated organoids from human ileum, colon, and rectum for various nutrient-uptake experiments. In the organoids, expression patterns of the genes involved in nutrient absorption were confirmed to be consistent with our single-cell transcriptome data ([Fig. 2 C](#fig2){ref-type="fig"}). Next, functional assays revealed that six types of amino acids were highly absorbed in the ileum, consistent with the enriched expression of SLC3A1, SLC7A7, and SLC7A9, which are mainly responsible for the absorption of neutral and cationic amino acids, such as arginine and lysine ([@bib50]; [@bib55]; [Fig. 2 E](#fig2){ref-type="fig"}). The high expression of SLC44A1 was confirmed in the large intestine, which is consistent with more choline absorption in the organoids derived from the large intestine, while SLC13A2, which is responsible for succinic acid and citric acid absorption, was highly expressed in the small intestine, and the uptake experiments also confirmed this ([Fig. 2, D and E](#fig2){ref-type="fig"}). SLC2A5 and SLC2A2, which are responsible for galactose, fructose, and mannose absorption, were highly expressed in the small intestine ([Fig. 2, C and D](#fig2){ref-type="fig"}). Consistently, sugar uptake analyses reveled that galactose, fructose, and mannose were mainly absorbed in the small intestine ([Fig. 2 E](#fig2){ref-type="fig"}), in agreement with an earlier report ([@bib41]).

Differential expression of signaling molecules in the small and large intestine {#s5}
-------------------------------------------------------------------------------

Differential expression of signaling molecules in enterocytes was also observed in the three segments. For instance, higher expression of some mediators of cell death and TGF-β/BMP signaling was found in the large intestine, especially in the rectum ([Fig. 3 A](#fig3){ref-type="fig"}). The Wnt signaling mediators FZD5 and DVL3 were also upregulated in the rectum. The high expression of both the proproliferative and prodeath genes suggests that the epithelium of the large intestine, particularly the rectal epithelium, may undergo more rapid turnover.

![**Differential expression of signaling molecules, hormones, and immunity-related genes. (A)** Violin plots showing expression distributions of signaling genes in enterocytes from the ileum (il), colon (co), and rectum (re). **(B)** Expression heatmap of signature genes in enteroendocrine cells. **(C)** Expression patterns of specific hormone genes in enteroendocrine cells from different intestine segments. **(D)** Expression patterns of immune-related genes in cells from different intestine segments and gene functional enrichments. Each dot represents a gene, of which the color saturation indicates the average expression level (scaled by Z-score) in an intestine segment and the size indicates the percentage of cells expressing the gene.](JEM_20191130_Fig3){#fig3}

Although the enteroendocrine cells in the three segments shared a similar expression profile, such as expression of the hormone secretion--related genes PCSK1N and SCG5, some genes showed a clear segment-specific expression pattern ([Fig. 3 B](#fig3){ref-type="fig"}). Analysis of hormone expression in enteroendocrine cells revealed that some of the hormones were highly expressed in the small intestine (e.g., secretin, neurotensin, and cholecystokinin), while some were enriched in the large intestine (e.g., peptidyl glycine α-amidating monooxygenase, peptide tyrosine-tyrosine, and insulin-like peptide 5; [Fig. 3 C](#fig3){ref-type="fig"} and [Table S6](#sup6){ref-type="supplementary-material"}).

Functional enrichment analysis on the immunity-related genes in the three segments suggested that although both the small and large intestine participate in the antimicrobial humoral response, the small intestine may have a strong defense response to fungi, while the large intestine may be more sensitive to bacterial infection ([Fig. 3 D](#fig3){ref-type="fig"}).

Characterization of PLCs in the human large intestine {#s6}
-----------------------------------------------------

PCs, located at the bottom of crypts in the small intestine, secrete antimicrobial molecules modulating host--microbe interactions and factors promoting Lgr5^+^ intestine stem cells ([@bib8]; [@bib62]). Single-cell PCR gene expression analysis has identified a subset of c-Kit^+^ goblet cells in the mouse colon that might have the equivalent function of PCs in supporting Lgr5^+^ stem cells ([@bib43]). Recently, PLCs were reported in the rat ascending colon and human fetal large intestine ([@bib14]; [@bib32]). To further verify the existence of PLCs in the human large intestine, we examined cells in the colon and rectum using Paneth marker genes (LYZ, CA4, CA7, and SPIB) and found the PLC cluster ([Fig. 4 A](#fig4){ref-type="fig"} and [Table S7](#sup7){ref-type="supplementary-material"}). The PLCs in the large intestine and the PCs in the ileum shared a set of highly expressed genes, which include not only genes for microbiotic defense such as LYZ ([Fig. 4, A--D](#fig4){ref-type="fig"}), but also genes encoding the niche factors to sustain Lgr5^+^ stem cells such as EGF, Wnt3, Notch, ephrin A/B, and PDGF ligands ([@bib46]; [Fig. 4 E](#fig4){ref-type="fig"}).

![**PLCs identified in the human colon and rectum. (A)** Expression heatmap of signature genes in PLCs and gene functional enrichments. **(B)** Lysozyme (LYZ) expression (indicated by color saturation) in single cells from the ileum, colon, and rectum. **(C)** Immunofluorescence was performed to confirm LYZ expression in the ileum, colon and rectum. Scale bars, 100 µm. **(D)** smFISH results of LYZ in human ileum, colon, and rectum. Scale bar, 100 µm. **(E)** mRNA expression levels of growth factors in PCs and PLCs in the ileum and PLCs in the colon and rectum. **(F)** Specific expression of GNPTAB and SOD3 in PCs and PLCs of the human large intestine. **(G)** Violin plots showing expression distributions of transcription factors in PCs or PLCs. **(H)** Kit expression in all 14,537 cells.](JEM_20191130_Fig4){#fig4}

Interestingly, PCs in the ileum and PLCs in the large intestine also exhibited marked differences. Functional enrichment of the signature genes showed that PCs and PLCs shared genes involved in lysosome function, neutrophil activation, and Gram-negative bacterium response, while the genes involved in biological oxidation were specific to the ileum and the genes involved in inorganic and sulfur metabolism were enriched in the large intestine ([Fig. 4 A](#fig4){ref-type="fig"}). For example, DEFA5, DEFA6, REG1A, and REG3A were found in ileal PCs, but not in large intestinal PLCs, suggesting that the antimicrobial function may be a major difference between these cells. We found that GNPTAB and SOD3 were specially expressed in PLCs in the human large intestine, but not in PCs in the ileum ([Fig. 4 F](#fig4){ref-type="fig"}), suggesting that GNPTAB and SOD3 may serve as a potential marker of PLCs.

PCs and PLCs shared some common transcription factors involved in Paneth differentiation and viral defense, such as HES1, HES4, and SPIB ([Fig. 4 G](#fig4){ref-type="fig"}). However, some other transcription factors exhibited a segment-specific pattern. For instance, SATB2, a chromatin organizer that functions in chromatin remodeling and gene expression and is involved in carcinogenesis, including colorectal cancer ([@bib36]), was enriched in PLCs of the large intestine. RELB, which is involved in NF-κB signaling, was highly expressed in the ileal PCs. Interestingly, KIT (c-Kit in mouse) was detected in some cells, but not in PLCs ([Fig. 4 H](#fig4){ref-type="fig"}). Moreover, another representative gene of mouse c-Kit^+^ goblet cells, CD117, was not detected.

Potential new markers for human TA cells and goblet cells {#s7}
---------------------------------------------------------

TA cells are derived from stem cells and generate progenitor cells, which eventually differentiate into mature functional cells ([@bib15]). However, stem cells, TA cells, and progenitor cells all have proliferation potential, and they are difficult to separate using BrdU or EdU labeling. Therefore, identification of TA cell--specific markers would be critical for further characterization of these cells. Based on the transcriptome analysis, we found that NUSAP1 (nucleolar and spindle associated protein 1), which is up-regulated in colorectal cancer ([@bib21]), was specifically expressed in the TA cluster in the ileum, colon, and rectum, just like KI67 ([Fig. 5 A](#fig5){ref-type="fig"} and [Fig. S5, A and B](#figS5){ref-type="fig"}). However, immunofluorescence analysis showed that almost all NUSAP1^+^ cells were costained with KI67^+^ cells, while 45% KI67^+^ cells were NUSAP1^+^ ([Fig. 5, B and C](#fig5){ref-type="fig"}). Gene Ontology (GO) analysis of the genes enriched in NUSAP1^+^ cells unveiled that these cells were highly proliferative ([Fig. S5 C](#figS5){ref-type="fig"}). Unlike PCNA, NUSAP1 expression did not overlap with LGR5 ([Figs. 5 A](#fig5){ref-type="fig"} and S5 D). In addition, Nusap1 was not colocated with Lgr5 in mouse intestine ([Fig. S5 E](#figS5){ref-type="fig"}). Taken together, these observations suggest that NUSAP1 may serve as a potential specific marker of a subset of TA cells.

![**Potential new markers of human TA cells and goblet cells. (A)** NUSAP1 expression (indicated by color saturation) in single cells from the ileum, colon, and rectum. **(B)** Immunofluorescence was performed to confirm the NUSAP1 expression in the ileum, colon, and rectum. Scale bars, 100 µm. **(C)** Statistics of the NUSAP1 immunofluorescence data shown in B. The proportion of KI67^+^/NUSAP1^+^ cells and NUSAP1^+^/ KI67^+^ cells were quantified. Data are represented as mean ± SD of *n* = 17. **(D)** Expression heatmap of signature genes in goblet cells and gene functional enrichments. **(E)** ITLN1 expression (indicated by color saturation) in single cells from the ileum, colon, and rectum. **(F)** Immunofluorescence was performed to confirm ITLN1 expression. Scale bars, 100 µm. **(G)** TFF1 expression (indicated by color saturation) in single cells from the ileum, colon, and rectum. **(H)** Immunofluorescence was performed to confirm the TFF1 expression. Scale bars, 100 µm.](JEM_20191130_Fig5){#fig5}

![**Specific expression of NUSAP1^+^ cells in TA cells and Itln1 and Tff1 in mouse intestine. (A)** Expression levels of KI67 in human ileum, colon, and rectum. **(B)** Distribution density of TA cells according to their NUSAP1 and KI67 expression. **(C)** GO analysis of signature genes in NUSAP1^+^ cells. **(D)** Expression levels of PCNA and LGR5 in in human ileum, colon, and rectum. **(E)** Immunofluorescence of Nusap1 location in Lgr5-GFP mouse intestine. Scale bars, 100 μm. **(F)** mRNA expression of ITLN1 in human ileum, colon, and rectum as shown by smFISH. Scale bar, 100 μm. **(G)** Expression of Itln1 in mouse ileal PCs as shown by immunofluorescence. Scale bars, 100 μm. **(H)** Distribution density of goblet cells according to their TFF1 and TFF3 expression. **(I)** No expression of Tff1 in mouse ileum as shown by immunofluorescence. Scale bars, 100 μm. **(J)** GO analysis of signature genes in TFF1^+^ goblet cells. **(K)** Representative signature genes in TFF1^+^ goblet cells.](JEM_20191130_FigS5){#figS5}

The main function of goblet cells is to secrete mucus that protects the epithelial membrane. Interestingly, we found that the genes involved in calcium transport were highly expressed in goblet cells of all three segments, while the genes related to the vitamin metabolic process were found in the goblet cells of ileum and the genes related to salmonella infection in the colon ([Fig. 5 D](#fig5){ref-type="fig"} and [Table S8](#sup8){ref-type="supplementary-material"}). Specifically, ITLN1 (interectin-1/omentin-1), which binds to microbial glycans and is involved in innate immunity ([@bib59]), was specifically expressed in all goblet cells of the ileum, colon, and rectum ([Fig. 5, E and F](#fig5){ref-type="fig"}; and [Fig. S5 F](#figS5){ref-type="fig"}). Immunofluorescence analysis revealed that ITLN1^+^ cells were costained with MUC2 and distributed along the villus in the ileum and crypts in the colon and rectum ([Fig. 5 F](#fig5){ref-type="fig"}), suggesting that ITLN1 is a potential new marker of human goblet cells. However, unexpectedly, Itln1 was only found in mouse PCs ([Fig. S5 G](#figS5){ref-type="fig"}), suggesting a major difference between human and mouse goblet cells.

TFF1 encodes a Trefoil factor peptide that plays an important role in response to gastrointestinal mucosa injury and inflammation. As an isoform of TFF1, TFF3 was found in mouse and human goblet cells ([@bib1]; [@bib20]), while TFF1 is expressed in a subset of human goblet cells, but not in mouse intestinal cells ([Fig. 5 G](#fig5){ref-type="fig"} and [Fig. S5, H and I](#figS5){ref-type="fig"}). Moreover, TFF1 protein was found only in the villus of the ileum and in the top zone of crypts of the colon and rectum ([Fig. 5 H](#fig5){ref-type="fig"}), suggesting that these cells may represent mature goblet cells. Indeed, the signature genes of TFF1^+^ goblet cells were highly enriched by the function of antigen processing via MHC class ([Fig. S5 J](#figS5){ref-type="fig"}), and the MHC-related genes (HLA-A, HLA-B, HLA-C, and HLA-E) were indeed highly expressed in TFF1^+^ goblet cells ([Fig. S5 K](#figS5){ref-type="fig"}). Interestingly, DEFA5 and DEFA6, both of which are expressed in PCs, were enriched in ileal goblet cells ([Fig. 5 D](#fig5){ref-type="fig"}), suggesting the antibiotic function of these two cell types. Reg4, which is a marker gene of enteroendocrine cells in the mouse intestine ([@bib20]), was found in human goblet cells ([Fig. 5 D](#fig5){ref-type="fig"}).

Cell-type variations of gene expression in the human and mouse ilea {#s8}
-------------------------------------------------------------------

To gain a better understanding of the differences between the human and mouse intestine, we compared our data with the published transcriptome data of the mouse ileum ([@bib20]). A total of 6,187 single cells from human ileum and 3,927 single cells from mouse ileum were combined and subjected to unsupervised graph-based clustering based on their gene expression profiles. As shown in [Fig. 6 (A and B)](#fig6){ref-type="fig"}, the overall gene expression pattern in major cell types was conserved between human and mouse. Cell cycle analysis showed that while mouse stem cells were mainly in S and G2/M phase, human stem cells were mainly in G1 phase ([Fig. 6, C and D](#fig6){ref-type="fig"}). This is consistent with the slow cycling of human colon stem cells in the mouse xenograft system for normal human colon organoids ([@bib49]). In contrast, TA cells were mainly in S and G2/M phase in both human and mouse ([Fig. 6, C and D](#fig6){ref-type="fig"}).

![**Comparison of gene expression profiles between the epithelial cells of the human and mouse ilea. (A)** Unsupervised graph-based clustering of single cells from human (*n* = 6,187) and mouse ileum (*n* = 3,927) based on their gene expression profiles. **(B)** Similarity matrix showing the Pearson correlations between each pair of single cells from human (*n* = 6,187) and mouse ileum (*n* = 3,927) based on their gene expression profiles. **(C)** Cell cycle analysis. The calculated cell cycle phase of each cell is shown for all 10,114 ileal cells. **(D)** Cell cycle quantity of human and mouse ileal cells. **(E)** Conserved signature genes of each cluster in human and mouse ilea. **(F)** Signature genes of human and mouse ileal stem cells. **(G)** Human- or mouse-specific signature genes of each cell type in the ilea. Each dot represents a gene, of which the color saturation indicates the average expression level (scaled by Z-score) in a specific cell type, and the size indicates the percentage of cells expressing the gene. EC, enterocytes; EEC, enteroendocrine cells; G, goblet cells; H, humans; M, mice; PRO, progenitor cells; SC, stem cells; TU, tuft cells.](JEM_20191130_Fig6){#fig6}

Next, we also examined the conservativeness of the marker genes between human and mouse ilea. In addition to the markers used for cell clustering, such as TMTM37 in enterocyte cells, TFF3 in goblet cells, and CHGB in enteroendocrine cells, many other signature genes were also conserved in both human and mouse, such as FEV and VWA5B2 in enteroendocrine cells and REP15 and BCAS1 in goblet cells ([Fig. 6 E](#fig6){ref-type="fig"}). LYZ, whose homologous genes are Lyz1 and Lyz2 in mouse, is a well-known marker of PCs ([@bib46]), and they were expressed in PLCs in human and mouse large intestines. Interestingly, we also noticed that some genes showed heterogeneities between species in the same cell type. For instance, stem cells from human and mouse ilea shared known markers, such as LGR5, SMOC2, ASCL2, and RGMB ([Fig. 6, E and F](#fig6){ref-type="fig"}), but ZFP36L1 and PDZK1IP1 were only found in human stem cells, while SP5 and RGCC were found only in mouse stem cells ([Fig. 6, F and G](#fig6){ref-type="fig"}). Furthermore, some genes were enriched in one cell type of human ileum but might exist in another cell type in mouse. For example, TFF3 was expressed in both mouse and human goblet cells, but TFF1 was enriched only in human goblet cells and could not be detected in mouse intestinal cells ([Figs. 5 D](#fig5){ref-type="fig"} and S5 I). ITLN1, which is expressed in mouse PCs, was enriched in human goblet cells ([Figs. 5 F](#fig5){ref-type="fig"} and S5 G). In summary, these observations further confirm the conservative marker genes in human and mouse intestinal epithelial cells and also reveal special cell type signatures with distinct expression pattern across human and mouse ilea.

Discussion {#s9}
==========

As the organ of nutrient digestion and absorption, microbe defense, and endocrine function, the pathophysiological processes and related regulations of the intestine have been extensively studied. However, many important questions still remain unclear. For example, the functional differences among cells of the same type in different intestine segments are poorly understood. In this study, using single-cell RNA-seq, we surveyed the gene expression profiles of the epithelium in the human ileum, colon, and rectum at single-cell resolution for the first time. Our data revealed the differential functions of nutrient absorption in these segments. We confirmed the presence of PLCs in the large intestine and found different gene expression patterns between human and mouse. In addition, potential new markers were identified for human TA cells and goblet cells. These results provide the basis for a better appreciation of human intestine cell constitution and functions as well as further investigation of enterocolitis and intestinal tumorigenesis.

Our data unveiled the differential expression of nutrient absorption--related genes in human ileum, colon, and rectum. High expression of the genes related to transport of lipid, bile salt, vitamin, and water in the ileum indicates that the absorption of these nutrients is mainly accomplished in the small intestine, which is consistent with an earlier report ([@bib58]). Although mean expression of the genes related to the transport of amino acids, sugars, and inorganic and organic solutes was similar among the three segments, the expression of individual transporters varied in different segments, suggesting there may be preferential absorption of different nutrients or metabolites in different parts of the intestine. Further investigation is needed to obtain a clearer landscape of nutrient absorption in human intestine.

PLCs have been recently reported in rat colon and human fetal large intestine ([@bib14]; [@bib32]). In addition, a subset of c-Kit^+^ goblet cells that might have the equivalent function of PCs have been described in the mouse colon ([@bib43]). Our data provided compelling evidence of the existence of PLCs in the human large intestine and showed that these cells express genes related to microbe defense and niche factors to sustain Lgr5^+^ stem cells.

Mouse models have been widely used to investigate the mechanisms of human diseases and test drug toxicity and efficacy. Comprehensive assessment of the differences and similarities between mouse and human is a key for the proper application of mouse models. By comparing the transcriptomes of mouse and human ileum epithelial cells, we found different signature gene expression patterns in mouse and human ileum. For instance, we found that ITLN1 and Reg4 were enriched in human goblet cells, but not in Paneth and enteroendocrine cells as reported in the mouse ileum ([@bib20]). Understanding the precise gene expression difference in mouse and human cells would surely help to establish better mouse models for human diseases.

Materials and methods {#s10}
=====================

Human intestine tissue collection and ethics statement {#s11}
------------------------------------------------------

Intestine mucosa were freshly sampled at least 10 cm away from the tumor border in six surgically resected specimens from six patients who had been diagnosed with intestine tumors at Peking University Third Hospital, Beijing, China. All samples were obtained with informed consent, and the study was approved by the Peking University Third Hospital Medical Science Research Ethics Committee (M2018083). All relevant ethical regulations of Peking University Third Hospital Medical Science Research Ethics Committee were followed.

cDNA library construction and single-cell RNA-seq {#s12}
-------------------------------------------------

Intestinal tissues were washed in cold HBSS several times to remove mucus, blood cells and muscle tissue. Connective tissue was scraped away carefully. Then, epithelial tissue was cut into small pieces (5 mm) and incubated in 5 mM EDTA in HBSS for 30 min at 4°C. The pieces were transferred into cold HBSS and vigorously suspended to obtain fractions. Mesenchymal and immune cells were further removed by discarding supernatant after centrifugation (10 s at 200 rpm). Then, epithelial tissue was enriched through centrifugation (3 min at 1,000 rpm). The sediment was incubated in 2 mg/ml collagenase I (Sigma-Aldrich) in Advanced DMEM/F12 for 15 min at 37°C. After centrifugation (3 min at 1,000 rpm), the sediment was incubated in Tryple (Invitrogen) for 20 min at 37°C to obtain single-cell suspension. The cell suspension was stained with propidium iodide (PI; 5 μg/ml), and PIPI-negative single cells were sorted by FACS (BeckMan). Single cells were captured in the 10X Genomics Chromium Single Cell 3′ Solution, and RNA-seq libraries were prepared following the manufacturer's protocol (10X Genomics). The libraries were subjected to high-throughput sequencing on an Illumina Hiseq X Ten PE150 platform, and 150-bp paired-end reads were generated.

Process and quality control of the single-cell RNA-seq data {#s13}
-----------------------------------------------------------

The raw sequencing reads were first demultiplexed using Illumina bcl2fastq software to generate 150-bp paired-end read files in FASTQ format. The reads were then aligned to the GRCh38 human reference genome using the Cellranger toolkit (version 2.1.0) provided by 10X Genomics. The exonic reads uniquely mapped to the transcriptome were then used for unique molecular identifier (UMI) counting. Selection and filtering of the droplet barcodes for single cells were done using the Cellranger toolkit as described before ([@bib20]; [@bib27]). In brief, the 99th percentile of the total UMI counts divided by 10 was used as cutoff for calling of single cells. Subsequently, the filtered single cells and their UMI count matrices were imported into R package "Seurat" (version 2.3.2) for further analysis ([@bib45]). After discarding the genes expressed in fewer than three cells, low-quality cells were further filtered if they expressed ≤200 genes. Furthermore, the cells with \>50% of the genes from the mitochondrial were also discarded. Finally, mesenchyme, immune, and hematopoietic cells were removed based on these marker genes LSP1, MZB1, VIM, CD52, CD78B, and COL3A1. CD45 was not detected in our results.

Data normalization and batch correction {#s14}
---------------------------------------

Library size normalization was performed using Seurat NormalizeData. Specifically, the global-scaling normalization method "LogNormalize" normalized the gene expression measurements for each cell by the total expression, multiplied by a scaling factor (10,000 by default), and the results were log-transformed. Next, the six batches of single-cell RNA-seq data were subjected to batch correction, as described previously ([@bib33]). In brief, the canonical correlation analysis (CCA) strategy was used to find linear combinations of features across datasets that are maximally correlated. The shared correlation structure conserved among the six datasets from the ileum, colon, and rectum were identified. Based on the shared structure, all six batches of data were finally pooled into a single object for downstream analyses ([@bib5]; [@bib23]). Batch distributions for each dataset were visualized using t-distributed stochastic neighbor embedding (t-SNE) plots.

Unsupervised clustering analysis {#s15}
--------------------------------

The R package Seurat was used to combine linear and nonlinear dimensionality reduction algorithms for unsupervised clustering of single cells. Specifically, first, highly variable genes were identified by the FindVariableGenes function, and average expression and dispersion for each gene were calculated. Subsequently, CCA was performed based on the variable genes in the six intestine samples. The canonical correlation vectors then projected each dataset into the maximally correlated subspaces for downstream analysis. Graph-based clustering was performed, which allocated cells in a K-nearest neighbor graph structure based on high correlation strength CCA. The cells were then iteratively clustered, and the modularity was optimized with the Louvain algorithm. Finally, we used t-SNE to place cells with similar local neighborhoods in high-dimensional space or low-dimensional space based on scaled expression of variable genes to visualize the clustering results of all the cells.

Differential gene expression analysis {#s16}
-------------------------------------

To identify signature genes of each cell type, the functions FindAllMarkers and FindMarkers in Seurat were used with the following configurations: min.pct = 0.10, thresh.use = 0.25, test.use = "roc". For a given cluster, FindAllMarkers identified positive markers compared with all other cells. The receiver operating characteristic test was used to return the "classification power" for any individual marker (ranging from 0 \[random\] to 1 \[perfect\]), and for each cluster, five genes with high area under the curve score were identified as candidate cell-type signature genes. All differentially expressed genes as positive markers of specific cell clusters are listed in Tables S1--S8. Expression heatmaps of the signature genes for each cluster are shown in [Fig. 1](#fig1){ref-type="fig"}. Similarly, the function FindMarkers was used for identification of signature genes by comparing the cell type of interest to another specific group of cells (e.g., intestine-segment--specific expression of immunity-related genes). Differential expression analysis of transcription factors was performed for the full list of human transcription factors obtained from the Animal Transcription Factor Database (<http://bioinfo.life.hust.edu.cn/AnimalTFDB/>).

Cell cycle analysis {#s17}
-------------------

Cell cycle stage annotation of each cell was performed using the Cell Cycle Scoring function in Seurat, which assigns each cell a score based on the expression of 43 marker genes for G2/M phase and 54 marker genes for S phase ([Table S9](#sup9){ref-type="supplementary-material"}; [@bib4]; [@bib31]; [@bib54]).

### Gene expression correlation between human and mouse ileum cells {#s18}

Single-cell transcriptome data of mouse ileum was obtained from Gene Expression Omnibus (GEO) accession no. [GSE92332](GSE92332) ([@bib20]). Altogether, we compared gene expression matrices of 6,187 human ileum cells in this study to the 3,927 mouse ileum cells, which were subjected to the same process of quality control and filtering. We only considered the homologous genes between human and mouse, which eventually generated a scaled expression matric for 11,157 genes of 10,114 cells. For each pair of cells from human and mouse, the Pearson correlation was calculated with the scaled expression data of the genes in the two cells.

Comparison between human and mouse ileum cells {#s19}
----------------------------------------------

We obtained single-cell transcriptome data of mouse ileum from GEO accession no. [GSE92332](GSE92332). Altogether, we analyzed gene expression matrices of 6,187 human ileal cells in this study and 3,927 mouse ileal cells after removing the low-quality cells using the same filtering strategy with the human data. We considered the expression data of all 11,157 homologous genes with identical gene names between the human and mouse datasets and then performed CCA as implemented in the Seurat ([@bib5]) to combine 10,114 human and mouse ileal cells together. t-SNE, cell cycle, and differential expression analyses were performed using the same methods described above.

Immunofluorescence and immunohistochemistry {#s20}
-------------------------------------------

Immunofluorescence and immunohistochemistry were performed as previously described ([@bib40]). Briefly, human intestinal tissues were washed in cold HBSS to remove muscle tissue, fixed with 4% formaldehyde solution for 2 h at 4°C, and dehydrated in 30% sucrose solution at 4°C overnight. Next, the tissue was embedded in optimal cutting temperature compound and stored at −80°C. The sections were prepared with vibrating blade microtome (HM650; Microm) and permeabilized with PBDT solution (3% BSA and 0.1% Triton X-100 in PBS) for 2 h at room temperature. Then, the sections were incubated overnight with the primary antibody at 4°C. The fluorescein-labeled secondary antibodies (1:300; Life Technologies) for immunofluorescence or secondary horseradish peroxidase--conjugated anti-rabbit antibody (1:200; Invitrogen) for immunohistochemistry were added for 2 h at room temperature. Confocal laser scanning (FV3000; Olympus) or 3,3′-diaminobenzidine development (Cytomation; Dako) was used to detect the staining signals.

Animals and mouse intestine sections {#s21}
------------------------------------

C57BL/6J mice were obtained from the Laboratory Animal Research Center of Tsinghua University. Lgr5-EGFP mice were obtained from The Jackson Laboratory. All mice were housed at a specific pathogen--free experimental animal facility at the Laboratory Animal Research Center of Tsinghua University with water and food ad libitum and a 12-h/12-h night/daylight cycle. All mice were backcrossed into the C57BL/6 genetic background for at least 10 generations. C57BL/6 and Lgr5-EGFP mice aged 8--10 wk were used to obtain intestine. Animals were then euthanized, and tissue was processed immediately. All animal experiments were conducted in accordance with the relevant animal regulations with approval of the Institutional Animal Care and Use Committee of Tsinghua University.

Antibodies {#s22}
----------

Rabbit anti-LYZ (1:200, ab108508; Abcam), mouse anti-MUC2 (1:200, ab11197; Abcam), rabbit anti-NUSAP1 (1:100, 12024--1-AP; Proteintech), mouse-anti Ki67 (1:300, 9449s; CST), mouse anti-E-Cad (1:1,000, 610182; BD Biosciences), rabbit anti-ITLN1 (1:50, 11770--1-AP; Proteintech), rabbit anti-TFF1 (1:50, 13734--1-AP; Proteintech), rabbit anti-APOB (1:50, 20578--1-AP; Proteintech), rabbit anti-APOA4 (1:100, 17996--1-AP; Proteintech), rabbit anti-SLC26A2 (1:200, 27759--1-AP; Proteintech), rabbit anti-SCNN1B (1:200, 14134--1-AP; Proteintech), rabbit anti-SLC35A1 (1:400, 16342--1-AP; Proteintech), rabbit anti-FABP6 (1:500, 13781--1-AP; Proteintech), rabbit anti-SLC38A1 (1:100, 12039--1-AP; Proteintech), and rabbit anti-SLC44A1 (1:100, 14687--1-AP; Proteintech).

Single-molecule in situ hybridization (smFISH) {#s23}
----------------------------------------------

Human intestinal tissues were fixed with 4% formaldehyde solution for 2 h at 4°C and dehydrated in 30% sucrose solution at 4°C overnight. Next, the tissue was embedded in optimal cutting temperature compound and stored at −80°C. The sections were prepared with vibrating blade microtome (HM650; Microm) and endogenous peroxidase blocking was performed by RNAscope Hydrogen Peroxide (322335; ACD) for 10 min at room temperature. Then, RNAscope Protease Plus (322331; ACD) was used for 10 min at 40°C before probe hybridization. ITLN1 probe (549701; ACD) and LYZ probe (421441; ACD) were hybridized for 2 h at 40°C, AMP 1--6, and signal detection was performed as described in the user manual (322350; ACD). Finally, the slides were counterstained by 50% hematoxylin, and images were obtained by a Nikon 90i microscope (Nikon).

Quantitative RT-PCR {#s24}
-------------------

RNeasy Mini Kit (Qiagen) was used to extract total RNA, and cDNA was obtained by Revertra Ace (Toyobo). Then, real-time PCR reactions were performed in triplicate on a LightCycler 480 (Roche). Primers of selected genes are listed in [Table S10](#sup10){ref-type="supplementary-material"}.

Human intestinal organoid culture {#s25}
---------------------------------

Human intestinal tissue was washed in cold HBSS and removed muscle tissue. Then, epithelial tissue was cut into small pieces (5 mm) and incubated in 5 mM EDTA in HBSS for 30 min at 4°C. The pieces were transferred into cold HBSS and vigorously suspend to get fraction, and epithelial tissue was enriched through centrifugation (3 min at 1,000 rpm). Crypts were then embedded in Matrigel (BD Biosciences) and seeded on a 24-well plate. After polymerization, crypt culture medium (Advanced DMEM/F12 (12634028; Thermo Scientific) supplemented with penicillin/streptomycin (15140122; Thermo Scientific), GlutaMAX-I (35050061; Thermo Scientific), N2 (17502048; Thermo Scientific), B27 (17504044; Thermo Scientific), and N-acetylcysteine (Sigma-Aldrich) containing EGF (50 ng/ml; Invitrogen), Noggin (100 ng/ml; R&D), R-spondin1 (500 ng/ml; R&D), CHIR-99021 (5 μM; Selleck), A-83-01 (0.5 μM; Cayman), SB202190 (10 μM; Selleck), Gastrin (1 nM; Tocris), Y27632 (10 μM; Enzo), PGE2 (2.5 μM; Selleck), and Nicotinamide (10 mM; Sigma-Aldrich) was added.

Nutrient uptake assay {#s26}
---------------------

For amino acid uptake, 50 μl medium was selected 24 h later after the first passage, which then mixed with 200 μl −80°C methyl alcohol. The mixture was stored at −80°C for at least 2 h and then performed centrifugation (15 min at 12,000 rpm, 4°C). 100 μl supernatant was extracted to detect the amino acid changes compared with blank group by liquid chromatography mass spectrometry (LC-MS; Q Exactive; Thermo Scientific). To find out amino acid uptake per cell, organoids were incubated in Tryple (Invitrogen) for 20 min at 37°C to obtain a single-cell suspension. The cell suspension was stained by PI (5 µg/ml), and the live cell number was analyzed by FACS (BeckMan) for PI-negative cells. The amino acid uptake per cell was calculated by combining amino acid changes and cell number. For choline, succinic and citric acid uptake, 20 mM choline (C805027; MACLIN), succinic acid (S817854; MACLIN), and citric acid (C805019; MACLIN) were added to the crypt culture medium 8 h later after the first passage. 50 μl medium was selected 24 h later to detect uptake changes, and the cell number was counted by FACS for PI-negative cells as described above. Organic solute uptake per cell was calculated by combining amino acid changes and cell number. For sugar uptake, GlutaMAX-I was removed from the medium 8 h later after the first passage. Then, 20 mM fructose (S5176; Selleck), galactose (S3849; Selleck), and mannose (S5763; Selleck) were added to the medium, and 50 μl medium was selected 24 h later to detect uptake changes, and the cell number was counted by FACS for PI-negative cells as described above. Sugar uptake per cell was calculated by combining amino acid changes and cell number. The fold change from ileum, colon, and rectum organoids was calculated by comparing with ileum organoids.

Statistical analysis {#s27}
--------------------

All experiments with quantitation were performed independently at least three times with three replicates within each experiment, and data are represented as mean ± SD. Then statistical differences were calculated using ordinary two-way ANOVA followed by Tukey's multiple comparisons test; \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. All statistical analysis was performed with GraphPad Prism 7 (win).

Data availability {#s28}
-----------------

All data have been deposited in the GEO under accession no. [GSE125970](GSE125970) and in the file "Single-cell transcriptome analysis of adult human ileum, colon and rectum" (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125970>).

Code availability {#s29}
-----------------

R markdown scripts enabling the main steps of the analysis to be performed are available from the corresponding authors on reasonable request.

Online supplemental material {#s30}
----------------------------

[Fig. S1](#figS1){ref-type="fig"} shows general information of clinical samples and annotations of cell types of single-cell RNA-seq data. [Fig. S2](#figS2){ref-type="fig"} shows expression patterns of cell markers. [Fig. S3](#figS3){ref-type="fig"} shows characterization of stem cells, TA cells, progenitor cells, and transcription factor analysis. [Fig. S4](#figS4){ref-type="fig"} shows expression patterns of transporter genes and validation by immunofluorescence or immunohistochemistry. [Fig. S5](#figS5){ref-type="fig"} shows specific expression of NUSAP1^+^ cells in TA cells and Itln1 and Tff1 in mouse intestine. [Table S1](#sup1){ref-type="supplementary-material"} shows all cell type--specific genes. [Table S2](#sup2){ref-type="supplementary-material"} shows ileum, colon, and rectum cell type--specific genes. [Table S3](#sup3){ref-type="supplementary-material"} shows stem cell and TA subset genes. [Table S4](#sup4){ref-type="supplementary-material"} shows progenitor subset-specific genes. [Table S5](#sup5){ref-type="supplementary-material"} shows enterocyte cell subset-specific genes. [Table S6](#sup6){ref-type="supplementary-material"} shows enteroendocrine cell subset-specific genes. [Table S7](#sup7){ref-type="supplementary-material"} shows PLC subset signature genes. [Table S8](#sup8){ref-type="supplementary-material"} shows goblet cell subset signature genes. [Table S9](#sup9){ref-type="supplementary-material"} shows signature genes involved in the cell cycle. [Table S10](#sup1){ref-type="supplementary-material"} shows quantitative PCR primers.
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